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SUMMARY

A complete polarization study of human oxy- and carbonmonoxyhemoglobin A
and S is reported for backscattered light in the resonance Raman light
scattering situation with excitations in the long wavelength region, X = 4579
and 5815 X, and excitation in the short wavelength region, X = 4579 and

4880 X, as comparison. All four polarization components of the scattered
light with respect to the two polarization conditions of linearly and
circularly polarization of the incident light were measured. These components
were: (1) parallel; (2) perpendicular; (3) corotating; and (4) contrarotating.

This method has been used to characterize the three invariants of the

nonsymmetric Raman tensor for randomly oriented molecules. These invariants

are based on a model in which the scattered light is dependent on only an
induced electric dipole. With no higher order moments involved in the
scattering process, the amplitude of any band measured under the four
conditions should satisfy the relation: (1) + (2) = (3) + (4).

The experiments reported have demonstrated that although this relation is
satisfied for short wavelength (4579 X and 4880 X) excitation, it is not
satisfied for long wavelength (5682 X and 5815 X) excitation, for which (1) +
(2) < (3) + (4) holds.

The increase in light scattering is due to an inverse Faraday effect
resulting in magnetic resonance Raman activity. Due to large crystal field
influences and Jahn-Teller instability, the critical zero-field splitting
energy is large. The incident circularly polarized radiation at X - 5700 1 or
w - 17,544 cm-1 approaches the critical cubic splitting parametre, A , the
calculated value for which is 18,500 cm-1 . This incident light equaiizes or
mixes the energy levels of the 'Al and 5T 2 states; i.e., it populates magnetic
substates. An induced electric dipole-magnetic dipole transition, besides an

induced electric dipole transition, is then permitted for circularly polarized
light at the Larmor precession frequency, but not permitted for linearly
polarized light as the d-d metal transition is electric dipole-disallowed.

The hemoglobin S solution and gel scatters light with long wavelength
excitation in a similar fashion. In addition, there are bands at 750 and 1050
cm-1 for the hemoglobin S gel not present in solution hemoglobin SS nor in
hemoglobin A. The presence of these bands is attributed to changes in the
B mode of porphyrin ring vibrations due to the gel state.
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INVERSE FARADAY EFFECT IN HEMOGLOBIN DETECTED BY
RAMAN SPECTROSCOPY: AN EXAMPLE OF MAGNETIC

RESONANCE RAMAN ACTIVITY

Terence W. Barrett
Naval Air Systems Command

Code AIR-310P
Washington, DC 20361

I. INTRODUCTION

This is a detailed report of an induced magnetic dipole moment

contribution to resonance Raman scattering in hemoglobin [1]. A similar

observation has been made in the case of ferrocytochrome C [2]. Such a

contribution is usually very small compared with the contribution of the

induced electric dipole moment [3]. However, here we report an example of

magnetic resonance, whereas the off-resonance case is usually considered. The

example is also unusual in that the energy, Uo, of the radiation in resonance

with the magnetic dipole is in the visible spectrum not in the radiofrequency

nor in the infrared spectrum. The resonance occurs with a zero-field

splitting energy which is unusually large, due to a large crystal field

influence on the iron ion of the hemoglobin chain. AC, the critical cubic

splitting level at which states 'A1 and sT2 of the iron are equal in energy is

calculated to be 18,500 cm-1 [4]; and the incident circularly polarized

radiation at X - 5700 X or w - 17,544 cm-' is of the order of this approximate

calculation. This incident radiation, in resonance with zero-field split

levels, acts to populate excited levels of the magnetic substates created by

the crystal field. The magnetic dipole moment induced is also demonstrated to

be the result of an inverse Faraday effect. We turn now from this overview of

the report to the detailed theoretical basis for the experiments.

-1-
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II. THEORETICAL BASIS

When either (a) the exciting radiation is near resonance with an

electronic transition, or (b) in the case of electronic Raman transitions [5],

or (c) in the case of transitions involving Jahn-Teller active states [6],

then antisymmetric as well as symmetric components of the Raman tensor are

predicted theoretically [7,8] and have been both directly measured for ferro-

cytochrome C [9,10], hemoglobin [11], IrCl- [12,13], IrBr!- [14], and FeBr4

[15].

Considering first the case of the scattered radiation due only to an

induced electric dipole, the depolarization ratio has three components when

there is both symmetric and antisymmetric scattering: the isotropy, a1 , the

symmetric anisotropy, y2, and the antisymmetric anisotropy, y2 . In order
s as

to distinguish the relative contributions of these three components to the

depolarization ratio, defined:

11 3yZ + 5y,
s as*p . .. .= -- -- - (1)

III 45a2 + 4Y

where, in terms of the elements of the Raman tensor, aij, (i : x,y,z),

-2 (a + a + a )2' (2)9 xx yy zz

Y -1 [(a - a )2 + (a - a )I +(a - a ) ]

2 xx yy yy zz zz xx
+ -L + ay)2 + (a + az)a + (a + a )1.

4 xy yx xz zx yz zy

L Ka - a  + (a - a )2 + (a - a )]
as 4 y yx xz zx yz zy

at least three of the following four polarization conditions for incident and

scattered light must be used in resonance Raman light scattering experiment:

incident light plane polarized and the scattered light detected for the

parallel polarized condition (I1); incident light plane polarized and

scattered light detected for the perpendicularly polarized condition (IT);

incident light circularly polarized and scattered light detected for the

-2-
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circularly polarized corotating condition (I ); incident light circularlyco

polarized and scattered light detected for the circularly polarized contra-

rotating condition (Icontra

The reversal coefficient for the scattering angle of 900 is given by:

y I I

R . 6o(3)
45a 2 + Z 

+ 5T I
s as contra

and a general reversal coefficient dependent on the scattering angle is

defined [16]:

1 -,.--1 -R cosv

R() = 1-2i__p)s!in2 v - 1 + R (4)

1- - sin v V + 1 R cosv
2(1 + p) 17+R

which is a function of both p and R. From equations (1) and (3), it may be

seen that R(V) is a function of the three invariants, a
2, 9 , and y2 . Mea-

s as

surement of R(V) at two different angles is thus sufficient to determine these

invariants. As R(900) = 1, but R(1800 ) = l/R, the R(180°) or backscattering

arrangement [17,18] must be used for the two circularly polarized conditions.

The backscattering arrangement was also necessitated in the present study as

concentrated solutions (gels) wre examined.

The intensities in the four polarization spectra are related to the three

invariants by:

I= 3y2 + 592 (5)

I, =450 + 4y,

I = 69,
co so

Io 45a 2 + 9: + 5YZ
contra s as"

and it is thus evident that for the case of the scattered radiation due only

to an induced electric dipole:

1 I+ II= Ico + 'contra' (6)

and only three measurements are needed, the fourth providing a check; the in-

variants are then related to the intensity data by:

-3-
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6y1 = Ie 1/2 1

45a2 1, -2/3 Ice

The McClain invariants, 8F, G# and 6H [7,21,19,20] are related to the

first set by:

a' = 119 6 , (8)

Y: = 3/4 (8G + 5H) - 1/2 5F 0

ya s = 3/4 (6G - 5 H).

Both sets may be used to classify the irreducible representations of the

secular point groups and thus in identifying the symmetry class of a given

vibration.

So far, the scattering system has been considered as if moments higher

than the induced electric dipole were not involved. This is not the case,

however, with optically active molecules. A system is defined as optically

active if it responds differently to right and left circularly polarized light

[22,23]. The description of such optically active molecules is in terms of

optically active tensors defining electric and magnetic dipoles induced by

applied electric and magnetic fields, besides the polarizability tensor, which

describes the relation of the induced electric dipole moment to an applied

electric field.

The Hamiltonian of a system of charged particles interacting with an

electromagnetic field is a multipole expansion [24] in which the semiclassical

Kramers-Heisenberg dispersion equation is demonstrated to be identical with

the corresponding quantum mechanical description [25]. Such a Hamiltonian,

which describes a molecule in a field, is [24,26,27]:

=o - dE - 1/3 0 E -maH - 1/2 X. H Ho, (9)
a Paft a a Aa

where go is the Hamiltonian for the free molecule;

-4-
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TABLE ViI.
Polarized Roman Intensity data for carbonmonoxyhemoglobin SS solution

(arbitrary units) with 4880 A excitation.

Band
quency Percentage
cm'1 ) 111 | Ico Icontra I*c " Ic |c t It

674 20 10 30 10 22 32 -2 7%

803 36 34 70 38 30 68 +2 5%

1371 154 35 189 55 128 183 +6 3%

1490 42 0 42 14 30 44 -2 5%

1581 55 40 95 32 65 97 -2 2%

1600 35 15 50 28 22 50 0 0%

1632 50 26 76 58 20 79 -2 3%

III + I L c = Ico + Icontra

TABLE ViII.
Polarized Raman Intensity data for benzene and carbontetrachloride

for backscattered light.

Band
quency Percentage

cm -1) Iii IL I- Ico |contra |c ,I* c ic > I

A = 5145 A, C6H6

606 258 199 457 376 81 457 0 0%

A = 5815 A, C6H6

986 3640 136 3776 262 3400 3712 +64 0.4%

A = 4880 A, CCL 4

215 21.2 11.6 37.9 31.2 7.2 38.4 +0.6 2%
310 24.8 18.1 42.9 36.2 6.8 43.0 +0.1 0%

460 74.4 1.0 75.4 34.8 79.4 80.8 +5.4 7%

A = 5815 A, cct 4

215 1136 828 1964 1536 339 1875 +89 4.5%
310 1216 879 2095 1700 344 2044 +51 2.4%

460 3188 166 3304 304 3192 3496 -308 5.4%

III + L, Ic Ico + Icontra

-18-
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TABLE V.
Polarized Raman Intensity data for carbonmonoxyhemoglobin AA solution

(arbitrary units) with 4880 A excitation.

Band
frequency Percentage

(Acm- 1) III 11 |j Ico Icontra I-c f |c |C > |

674 30 11 41 18 20 38 +3 7%
803 46 24 70 40 27 67 +3 4%

1371 174 34 208 48 125 173 +35 17%
1490 46 6 52 14 35 49 +3 6%
1581 60 40 100 22 62 84 +16 16%
1600 44 8 52 24 20 44 +8 15%
1632 44 28 72 49 20 69 +3 4%

*I = III + 11 Ic = ICo + Icontra

TABLE VI.
Polarized Raman intensity data for carbonmonoxyhemoglobin SS solution

(arbitrary units) with 5815 A excitation.

Band
frequency Percentage

(Acm- 1 ) 111 11 1 Ico Icontra VC Ic  ic > it

677 42 6 48 8 44 52 -4 8%
748 130 95 225 175 60 235 -10 4%

974 36 30 66 64 36 100 -34 52%
993 44 29 73 60 24 84 -11 15%

1130 30 44 74 34 70 104 -31 40%

1223 90 85 175 150 49 199 -24 13%

1305 20 51 71 24 59 83 -12 17%
1342 10 55 65 44 46 90 -25 38%

1556 90 84 174 128 82 210 -36 21%

1584 122 140 162 62 138 200 -38 23%

1626 84 67 151 122 56 178 -27 18%

If= III + 1, 1C ICo + Icontra

-17-
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TABLE II.
Polarized Raman intensity data for oxyhemoglobin AA (arbitrary units) with

4579 A excitation.

Band
requency Percentage
(ACm- 1) Iii I LCo 'contra V c Ic >

1356 82 15 97 21 82 103 -6 6%

1474 11 4 15 3 13 16 -1 7%

1566 26 8 34 12 25 37 -3 9%

1584 13 5 18 10 9 19 -1 6%

1622 12 5 17 8 10 18 -1 6%

I= 1+ v 1c =co + 'contra

TABLE IV.
Polarized Raman intensity data for carbonmonoxyhemoglobin AA solution

(arbitrary units) with 5815 A excitation.

Band
frequency Percentage
(Acm- 1) Illi I1 1 Icontra I*c 1-C 1c > ie

677 22 10 32 40 26 66 -34 106%

748 66 87 153 175 45 220 -67 43%

974 30 36 66 51 24 75 -9 14%

993 24 31 55 45 21 66 -11 20%

1130 23 46 69 18 73 91 -22 32%

1223 55 70 125 135 50 185 -60 48%

1305 5 44 49 25 50 75 -26 53%

1342 11 50 70 28 45 73 -3 4%

1556 84 62 146 140 40 180 -34 23%

1584 138 25 163 55 132 187 -24 15%

1626 80 55 135 120 58 178 -43 32%

v Ill + 1, Ic Ico + Icontra

-16-
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TABLE I.
Polarized Raman Intensity data for oxyhemoglobin AA (arbitrary units) with 5682 A excitation.

Band
frequency Percentage

(Acm- 1) 1ii Ico Icontra V C 11C IC > I/

604 - 19 19 30 - 30 -11 58%

676 54 - 54 46 40 86 -32 59%

756 62 51 113 45 152 197 -84 74%
1133 - 53 53 95 15 110 -57 107%

1225 50 40 90 38 104 142 -52 58%

1305 - 55 55 113 - 113 -58 105%

1342 - 80 80 123 - 123 -43 53%
1363 - 15 15 23 - 23 -8 53%

1395 - 30 30 30 - 30 0 0%

1571 45 50 95 - 110 110 -15 16%

1589 - 175 175 285 - 285 -110 63%

1638 65 42 107 30 165 195 -88 82%

. 1i = III + IL, Ic Ico + Icontra

TABLE II
Polarized Raman Intensity data for oxyhemoglobin SS gel (abitrary units) with 5682 A excitation.

Band
frequency Percentage

(Acm- 1) 1II I* Io Icontra * c  - c Ic> 1 

604 30 - 30 45 - 45 -15 50%

676 20 - 20 20 - 20 0 0%

750 37.5 56 93.5 25 94.5 119.5 -26 28%
775 50 35 85 85 40 125 -40 47%

1050 45 - 45 45 15 60 -15 33%

1133 - 48 48 35 36 71 -23 51%
1225 15 35 50 75 5 80 -30 60%
1571 25 92 117 95 58.5 153.5 -58.5 50%
1589 10 120 130 92 75 167 -37 28%

1638 35 64 99 25 115 140 -41 41%

= + iz . c = Ico + Icontra

-1s-
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Figure 6. Resonance Raman spectra for carbonmonoxyhemoglobin S with 48805
excitation at 100 AW for the four polarization conditions.
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Figure 4. Resonance Ranian spectra for carboaionoxyhemoglobin A with 5815X

excitation at 100 mV for the four polarization conditions.
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Figure 5. Resonance Raman spectra for carboamonoxyhemoglobin A with 4880

excitation at 100 aW for the four polarization conditions.
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Figure 2. Resonance Raman spectra of oxyhemoglobin S gel with 5682
excitation at 125 mW for the four polarization conditions.
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Figure 3. Resonance Raman spectra of oxyhemoglobin A with 4579 1 excita-
tion at 100 mW for the four polarization conditions. From Ref. [1].
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Figures 4-7 show the polarized spectra for carbonmonoxyhemoglobin A and

S solutions with 5815 and 4880 excitation. The results of optical

activity using the long wavelength (5815 X) excitation is clearly demonstrated

in Tables IV and VI, and is contrasted with the short wavelength (4880 )

results (Tables V and VII).

Table IX lists the Raman tensor invariants for deoxyhemoglobin at 4579

excitation using Equ.s (7). As this interpretation is based on the validity

of Equ. (6), which is rejected for 5682 X and 5815 X excitation, the

invariants were not calculated for this excitation. The values for 1/3 (y9

9/4 uz) are near zero for all bands, indicating an Al mode of the D4h point

group [7].

The 756 cm-1 depolarized line in Rb A corresponds to the 751 cm-1 line

in nickel-octaethylporphyrin [67] and the 748 cm-1 line in ferrous cytochromes

[68]. This line is known to show a large (Aw = 67 cm-1 ) isotropic frequency

shift on deuteration in nickel-octaethylporphyrin [67] and has been assigned

to the B mode of porphyrin ring vibrations. It is therefore of some

interest that this prominent band splits into two lines, one at 750, and the

other at 775 ca-', in Rb S gel.

CYHEMOGLOBIN AA

5682 A

A. LE C. LIRC. CONTRAROT.

S. PLANE PE*Pt.DIC 0. CIRC. CONOT.
PSALLEL

Figure 1. Resonance Raman spectra of oxyhemoglobtn A with 5682 excitation

at 100 mW for the four polarization conditions. From Ref. [1].
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a JY monochromator, and amplified by the photocurrent of a cooled ITT FW 130

photomultiplier. Light was collected for 2 seconds per wavenumber.

Spectra were recorded using the 4579 1 and 4880 X lines of a Spectra-

physics 170 argon laser, the 5682 1 line of a 171 krypton laser, and the 5815

I line of a pumped dye laser. The 5682 9 and 5815 1 excitations were in the

region of the a or Q00 band at 5500 1. The 4579 1 and 4880 1 excitations were

in the region of the or Q vor Q band, which is formed at about 5000 byin te rgio of he orQv 01

vibronic mixing between the intense, y or B, band at about 4000 1 and the less

intense Q00 band [64].

IV. RESULTS

The spectra obtained for both lb A and lb S in both the Q band and

Soret band regions agree in spectral frequency with those previously reported

for Q band [11] and Soret band [65] excitation.

Figures 1 and 2 show the four polarization spectra for oxyhemoglobin A

and S gel in the frequency range 600-1700 cm- 1 obtained with 5682

excitation. The spectra for the lb S gel show a much reduced signal-to-

noise ratio due to the diminution of coherent polarization [66]. Figure 3

shows the four polarization spectra for oxyhemoglobin A for the frequency

range 1300-1700 cm 1 obtained with 4579 1 excitation. Tables I, II, and III

list measured intensities for 5682 1 (Hb A, Table I ; lb S, Table II) and

4579 1 excitation (lb A, Table III). In the absence of optical activity,

Equ. (6) predicts that the total linearly polarized intensity, I = Il +

should be identical with the total circularly polarized intensity, I = I +
c co

Icot The differential, I - I, listed in Tables I-III therefore provides

a check on the validity of the model. It is clear that the model can be

rejected for 5682 1 excitation (Tables I and II), but retained for 4579

excitation (Table III).

- ", -10-
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geometry was requisite for these samples quite apart from the requirements of

polarization sampling. Benzene and carbon tetrachloride were used as test

samples for the equipment (Table VIII).

The hemoglobin A and S solutions, both oxy and carbon monoxy, other

than the hemoglobin S gels, were at a concentration of 8% and in a fluid

state. Although some differences between normal and sickle cell hemoglobin in

the fluid state are discernible with Raman scattering [58], it is only at high

concentrations that abnormalities in sickle cell hemoglobin become apparent.

Some hemoglobin SS samples were therefore concentrated to a gel.

The differences between hemoglobins A and S at high concentration are

explained as follows. While on the one hand, sickle cell blood has markedly

decreased oxygen affinity [59], sickle cell hemoglobin in dilute solution, on

the other hand, has normal functional properties, such as oxygen affinity,

home-home interaction, Bohr effect, and reactivity with 2,3-diphosphoglycerate

(2,3-DPG) and CO. [59-62J. However, due to the intracellular polymerization

of deoxyhemoglobin S, the prediction was made that high concentrations of

hemoglobin S would have low oxygen affinity. In confirmation of this

prediction, May and Huehns [63] demonstrated that, while the oxygen affinity

of S red cells was sharply decreased when the mean corpuscular hemoglobin

concentration was increased from 10 g/100 ml, the affinity of A red cells was

nearly unaffected. Thus, in order to strongly contrast the differences with

*, normal hemoglobin, some sickle cell hemoglobin was concentrated to a gel at

24%.

The Hb A and S samples were spun at about 1000 cycles/sac in a rotating

cell and the backscattered light detected, in a first series of experiments,

by a Spex 1401 double monochromator, and in a second series of experiments by

-9-
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components, a. is their mean amplitude, As is the intensity imbalance, AVZF

is the zero-field splitting, f(VV) is an absorption envelope which has a

peak amplitude of unity located at Vi, and f (n) .i ) is the nth derivative

of the shape of f(V,vl) taken with respect to V.

The differences between the integral and the differential techniques

demonstrated by Sutherland, et al. [52,53] attributed to zero-field splitting

or nondegeneracy, have been thought due to the Jahn-Teller removal of

degeneracy of the porphyrin's D4h symmetry to D2h assisted by the crystal

field potential [53], or by axial ligands with planar symmetry [54].

In summary, a major consideration of this study is, first, that a Jahn-

Teller instability and a large crystal field quench angular momentum so that

the zero-field energy, E of Equ. (10), is large, permitting removal of the
2+a

Fe2+ electronic degeneracy. Then, second, (a) if the incident light is at a

wavelength approximately equal to the zero-field potential energy, i.e., the

light is at the Larmor precession frequency [55-57], and (b) if the incident

light is circularly polarized, permitting magnetic field coupling to the metal

electronic transitions, magnetic resonance occurs.

The following presents results from an examination of hemoglobin A and

S solutions and hemoglobin S gels with both X = 4579 1., 4880 X, 5682 1, and

5815 1 incident light.

111. EXPEJRX

The backscattering geometry used in the present study was similar to that

used by PJzolet, Nafie and Peticolas [9]. Besides the theoretical

justification for its use mentioned above, the backscattering geometry has the

advantage that if the absorber is also the Raman scatterer, then the scattered

light increases to an asymptotic limit with increasing concentration rather

than going through a maximum which is characteristic of 900 geometry [17]. As

some hemoglobin S samples were concentrated to a gel, the backscattering

-8-
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is taken from the multipole expansion (Atkins and Barron, 1968a):

H = -d.E - m.H +

and is a truncated form of Equ. (9) intepreted according to the

diagrammatic perturbation theory approach of Wallace [51];

n is the number of photons; and

E is the zero field splitting energy [431.sirs

Neglecting damping factors, a resonance occurs as (E2 az- A2w) - 0,

i.e., as the laser light energy approaches the negative value of the zero-

field splitting energy quite independent of a resonance with electronic

transitions. Thus, the calculations by Chiu (3], mentioned above, of the

relative contributions of induced electric and magnetic dipole moments to

normal Raman scattering do not apply in the resonance case.

The inverse Faraday effect described in Equ. (10) concerns a nonabsorbing

mechanism in solutions and materials. The Raman effect is, by definition,

inelastic light scattering and involves the absorption (Stokes scattering) or

the annihilation (anti-Stokes scattering) of a vibronic phonon. The two are

related by the induced magnetic dipole, i.e., the inverse Faraday effect

results in the induction of a magnetic dipole moment by nonabsorbing

mechanisms. The induced magnetic dipole then mediates increased Raman

scattering for circularly polarized incident radiation at the appropriate

frequency for resonance.

It is relevant to the present report that Sutherland and Klein [52]

determined the absorption spectrum observed with left and right circularly

polarized light for a randomly oriented solution of porphyrin molecules in the

presence and absence of a magnetic field. In zero-field, the case considered

in the present study, the absorption spectrum is given by:

6(0) - s.{f(vv.) + 1/2ASvf()(v, 5 )1 + AsAVZFf (a) (v,.), (11)

where V is wavenumber, V0 is the mean position of the two unperturbed

-7-
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incident light and leads to a circularly polarized component in the scattered

* light [40-48], one may expect an increase in Raman scattering with circularly

polarized light, and Equ. (6) will not apply. Still, the amount of Raman

scattering due to an induced magnetic dipole moment will generally be very

much less than the amount due to an induced electric dipole moment. (Chiu [3]

calculated the ratio of induced magnetic - electric dipole contributions to be

1:106). Thus, the detection of a relatively large amount of Raman scattering

which can be ascribed to an induced magnetic moment implicates a resonance

condition. The inverse Faraday effect describes such a resonance state, to

which we now turn.

. The effect in which a magnetization is induced in a nonabsorbing solution

or material through which is passed a polarized bean of arbitrary ellipticity

is known as the inverse Faraday effect [44,49], and has been observed by

Pershan et al., [49,50]. In such a situation, if a is the magnetic dipole

moment operator, k is the propagation direction, and <all and (ail are

degenerate d electronic states split by the crystal field then [44]:

A U2irnlawsin4 O{aa &.2
---- 3V Es- 2s (10)

_ Va21s alai
2B (2) 2B (1)

aia2aa + aasas
+. Ea¢ (la- A203 ) Ea * (E la- A102)

112am( a

=where B Imm e -d e Ad ,
-a"as -aa aai aai

-"-la 18 *. d Ad"2

C as =aImpLada as daa ; and A represents the average of the

respective spherical tensors;

/2 is the ellipticity of the incident light;

p ia voumea>;

V is volume;
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d = Yeir or the electric dipole moment;da i

i

0 = 1/2 le (3r r - r16 ) or the quadrupole moment,
Si a1

= X(ei/2m)e atrioPiT or the magnetic moment operator for momentum 2;i

E and E are the electric field and the field gradient at the origina a

due to external charges;

H and H denote the magnetic field;
a

e. is the ith element of charge at the point r relative to an origin
I

fixed at some point on the molecule;

ap denote vector or tensor components and can be equal to x,y,z.

In the case of optically active molecules, new polarization effects arise

from interference in the scattered light whose amplitude is proportional to

the usual electric dipole polarizability tensor, and higher polarizability

tensors [28].

In the case of molecules which are not optically active, the antisym-

metric part of the real transition polarizability is generated through

vibronic coupling and can only exist at absorbing frequencies. This real

transition polarizability can be developed in terms of interference between an

allowed electronic transition and its vibronically induced sideband, and may

account for the phenomenon of inverse or anomalous polarization in

hemeproteins with short wavelength excitation [11,29,30]. This explanation

holds for the scattering data presented below for hemoglobin when X = 4579

and 4880 9 excitation was used and when Equ. (6) is valid. This explanation

also holds for spin-orbit induced antisymmetry [13,31].

However, in the case of X = 5815 X and 5682 1 excitation, the incident

light is far removed from the Soret band absorption region [32], and is at a

wavelength known to electronically absorb differentially, left versus right

[33-39], i.e., to be optically active. As the intensity of Raman scattering

from an optically active molecule depends on the degree of circularity of the

-5-
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TABLX IX.
Ramr n tensor invarlants for deoxyhemoglobin AA

at 4579 A excitation.

Band
frequency
(Acm1) 9/4zr2 1/3y2 1/3y2 1/3 (-t2- 9/4 Ti2)  Classification*

1356 3.4 1.167 0.30 0.0337 A1

1474 0.365 0.222 0.067 0.1003 A1

1566 0.90 0.667 0.133 0.367 A1

1584 0.32 0.556 -0.067 0.135 A1

1622 0.333 0.444 0.067 0.333 Al

*Contributions of (idealized) D4h tensor elements to the Raman bands.

.45/
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V. DISCUSSION

With long wavelength excitation, both Hb A and S demonstrate moment

influences on light scattering activity higher than the induced electric

dipole moment. The conditions for the validity of Equ. (6) are that the

scattered light be solely dependent upon the relation between an induced

electric dipole and an electric field [69]:

# = a_..E (12)

where p is an induced electric dipole, a is the polarizability, and E is the

electromagnetic field. Recent arguments concerning assymmetry of the polariz-

ability tensor have focused on the breakdown of the Born-Oppenheimer or adia-

batic approximation in the development of wave functions for the polariz-

ability. For example, the polarizability can be separated into two parts

[70]. The first, or A term, involves direct coupling of ground and resonant

electronic states via the Franck-Condon overlaps. The second involves

vibroniq coupling of the resonant :tate with another excited state (B term).

It has previously been thought that it is this B term, if any, which is

expected to be responsible for the resonance effect [31]. Other breakdowns of

the Born-Oppenheimer approximation occur when the mixing st ates approach one

another in energy or in the excited Jahn-Teller effect, an extreme form of

vibronic mixing in which the coupled states are degenerate. Yet all of these

effects are handled within the framework of Equ. (12), i.e., without calling

into question the nature of the Hamiltonian upon which they are based.

Given, then, not a Taylor expansion of wavefunctions, but a Taylor expan-

sion of the electronic Hamiltonian, one is equipped to handle the inaccuracy

of Equs. (6) and (12) in the case of magnetic dipole influences. Light

scattering by an optically active polymer may then be characterized by

invariances analogous to those of Equ. (2) but based on electric AM magnetic

dipole influences.

-20-
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We turn now to consider metal-porphyrin ring and protein interactions.

.- Shelnutt, et al. [71] have detected frequency differences up to 2 cm-1 in all

those modes known to be sensitive to the electron density in the antibonding

n* orbitals [72]. They interpret the relationship between the frequencies of

these modes and changes in the w5 orbital electron density as due to back

donation from the e (d ) metal orbitals to the n* orbitals of the porphyrin

macrocycle. The partial transfer of the magnetic d-electrons to the attached

ions of a complex is well known [73-76]. It is relevant that the lowest

unoccupied molecular orbital of the porphyrin macrocycle is the doubly

degenerate, e (W*) orbital [77], which is also antibonding with respect to
g

most of the Raman-active normal modes [78]. Through back donation, the metal

e (d ) orbital mixes with the porphyrin w* orbitals; and as a result, ag I

charge is transferred from the metal orbital to the porphyrin n* orbitals

[79]. Shelnutt et al. conclude that the change in frequency of the back

donation marker lines indicates that the electron densities of the porphyrin

antibonding orbitals of the reduced heme are drained to about the same extent

by oxygenation as they are by oxidation. As it is also these orbitals that

are sensitive to the protein-heme interaction, they provide a link between

oxygen bonding and the quaternary structure of proteins. AG, the free energy

of ligand binding between the low affinity (T) and high affinity (R)

quaternary structures, is postulated to contain an electronic stabilization

energy resulting from a charge transfer interaction.

As a d-d metal transition is magnetic and quadrupole-allowed but electric

dipole-forbidden, such a transition is permitted in the case of circularly

polarized radiation, but not linearly. For resonance to occur, coupling is

required to the porphyrin ring vibrations by charge transfer interactions.

Charge transfer transitions are allowed by the four-orbital model of Gouterman

[80,81]: namely, from the porphyrin alu and a2u orbitals to the metal dxzlyz

-21-
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orbitals leading to two Eu excited states, and from the porphyrin a2u orbital

to the metal dz2 orbital, giving rise to an A state. The former can borrow

intensity by mixing with the porphyrin a-A state, while the latter is expected

to lie at higher energy and should be less intense since it cannot borrow

intensity by configuration interaction [82-84]. It is significant that

molecular orbital calculations which do not ignore the metal [85] result in

the conclusion that the displacement of the iron atom out of the home plane is
.4.,

an essential condition for a high-spin compound.

In summary, the result of the dynamic Jahn-Teller effect is a reduction

in .the angular momentum and the spin orbit-coupling influence of porphyrins

[86,87]. This permits crystal field and spin-spin terms to dominate the zero-

field splitting and the introduction of magnetic coupling between two-electron

states which is spin-other-orbit controlled. In the case of zero-field

splitting, there are three degenerate pairs located at z/2. 0, -z/2; and the

one electron contribution to z is small, but the two-electron contribution is

large. The result is that crystal field influences on zero-field splitting

are large compared with internal magnetic interactions; i.e., Ea the zero-

field energy of equ. (10) is large. This situation, in turn, permits the

surprising result that external circularly polarized light of the appropriate

frequency (the Larmor precession frequency) is able to excite a resonance

coupling resulting in large internal magnetic moment enhancement, the d-d

metal transition involved being magnetic dipole and quadrupole-allowed, but

electric dipole-forbidden.
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